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ABSTRACT
We present a kinematical study of 314 RR Lyrae stars in the solar neighbourhood using
the publicly available photometric, spectroscopic, and Gaia DR2 astrometric data to
explore their distribution in the Milky Way. We report an overdensity of 22 RR Lyrae
stars in the solar neighbourhood at a pericenter distance of between 5–9 kpc from the
Galactic center. Their orbital parameters and their chemistry indicate that these 22
variables share the kinematics and the [Fe/H] values of the Galactic disc, with an av-
erage metallicity and tangential velocity of [Fe/H]=−0.60dex and vθ = 241 km s−1, re-
spectively. From the distribution of the Galactocentric spherical velocity components,
we find that these 22 disc-like RR Lyrae variables are not consistent with the Gaia
Sausage (Gaia-Enceladus), unlike almost half of the local RR Lyrae stars. Chemical
information from the literature shows that the majority of the selected pericenter peak
RR Lyrae variables are α-poor, a property shared by typically much younger stars in
the thin disc. Using the available photometry we rule out a possible misclassification
with the known classical and anomalous Cepheids. The similar kinematic, chemical,
and pulsation properties of these disc RR Lyrae stars suggest they share a common
origin. In contrast, we find the RR Lyrae stars associated with the Gaia-Enceladus
based on their kinematics and chemical composition show a considerable metallicity
spread in the old population (∼ 1 dex).
Key words: Galaxy: disc – Galaxy: kinematics and dynamics – stars: variables:
RR Lyrae
1 INTRODUCTION
Understanding the formation and evolution of spiral galax-
ies, the most common type of massive galaxies, is one of the
main tasks of Galactic astrophysics. The Milky Way (MW)
is a very useful laboratory for studies of the chemical and
dynamical history of spiral galaxies, thanks to our ability to
resolve individual stars. With the rise of large-scale photo-
metric, spectroscopic, and astrometric surveys, we are now
able to probe individual MW components (Galactic halo,
disc, and bulge) to great depths and in enhanced detail.
Gilmore & Reid (1983) found that the stellar number
density distribution cannot be modeled by a single density
profile as we move above or below the Galactic plane, but
two density components are needed – called the thin and
the thick disc. The bimodality of the disc is also visible in
the chemical distribution of [α/Fe] vs. [Fe/H], where we can
identify different stellar populations based on their chemi-
? E-mail: prudilz@ari.uni-heidelberg.de
cal composition (e.g., Fuhrmann 1998; Bensby et al. 2003;
Haywood 2008). This bimodality suggests a separation of
the disc into a thin (α-poor) and a thick (α-rich) compo-
nent. Moreover, the thin disc can be divided into an inner
and outer thin disc, both with different metallicities, (e.g.,
Haywood et al. 2013; Hayden et al. 2015; Bland-Hawthorn
et al. 2019). In addition, the inner disc (between the Sun
and the Galactic center) is composed of the thick disc and
metal-rich thin disc, while the outer disc consists of only the
metal-poor thin disc (e.g., Bensby et al. 2013; Anders et al.
2014; Haywood et al. 2015).
One of the modern formation scenarios suggests that
the thick disc formed first from a turbulent, well-mixed gas
disc and that its youngest part supposedly defined the con-
ditions for subsequent build-up of the inner thin disc (e.g.,
Haywood et al. 2013; Hayden et al. 2015; Bland-Hawthorn
et al. 2019). On the other hand, the outer thin disc might
have formed independently of the thick disc with a time
scale similar to the thin disc. The Galactic disc formation
timelines range from 8 – 13 Gyr for the thick disc and up
© 2017 The Authors
ar
X
iv
:2
00
1.
02
48
6v
2 
 [a
str
o-
ph
.SR
]  
9 J
an
 20
20
2 Prudil et al.
to 8 Gyr1 for the thin disc, which implies two prominent pe-
riods of star formation with the older one being associated
with the thick disc (e.g., Oswalt et al. 1996; Haywood et al.
2013; Kilic et al. 2017; Gallart et al. 2019).
Many kinematical and chemical studies have been con-
ducted over the years to study the structure of the Galactic
thin and thick disc, especially using F and G dwarfs (e.g.,
Bensby et al. 2003; Nordstro¨m et al. 2004; Bensby et al.
2014) in addition to public surveys (Lee et al. 2011; Hay-
den et al. 2015; Guiglion et al. 2015; Bland-Hawthorn et al.
2019). Furthermore, some of these studies tried to separate
both MW components based on their kinematical proper-
ties, although the thin and thick disc have overlapping kine-
matical distributions, which hampers such efforts. On the
other hand, the two MW components have different velocity
dispersions, the thick disc exhibiting a higher velocity dis-
persion in all three velocity components, e.g., Casagrande
et al. (2011) and Haywood et al. (2013). Moreover, the thick
disc population seems to lag behind the thin disc stars (e.g.,
Lee et al. 2011).
In this study we focus on RR Lyrae stars, which are
old (age > 10Gyr, e.g., Glatt et al. 2008; VandenBerg et al.
2013) helium-burning, pulsating horizontal branch variables.
They can be divided into three types based on the pulsa-
tion mode: RRab – fundamental mode, RRc – first over-
tone, and RRd - double mode (fundamental and first over-
tone) pulsators. The RR Lyrae pulsators are often used
as tracers of the properties of the old population of the
Galactic halo and bulge (e.g., De´ka´ny et al. 2013; Belokurov
et al. 2018a; Prudil et al. 2019a), or nearby galaxies (e.g.,
Haschke et al. 2012a,b; Jacyszyn-Dobrzeniecka et al. 2017).
In general, these variables are not used as probes of the
Galactic disc, although they have been used successfully to
put constraints on the structure of the thick disc and the
mechanisms that contributed to its formation (Kinemuchi
et al. 2006; Kinman et al. 2009; Mateu et al. 2012; Ma-
teu & Vivas 2018; De´ka´ny et al. 2018). Kinematic studies
using RR Lyrae stars in the solar neighbourhood (e.g., Lay-
den et al. 1996; Maintz & de Boer 2005; Marsakov et al.
2018) and in the Galactic bulge (Kunder et al. 2016, 2019;
Prudil et al. 2019c), suggest that a small fraction of nearby
RR Lyrae variables might be associated with the Galactic
disc and the old spheroidal component of the Galactic bulge
whereas most of them belong to the halo. Mainly the work
by Layden et al. (1996) and Marsakov et al. (2018, 2019a)
link some of the local RR Lyrae stars to the Galactic disc
based on their kinematical and chemical properties.
In this paper, we study the kinematic distribution of
fundamental mode RR Lyrae stars in the solar neighbour-
hood based on radial velocities and astrometric parameters
(proper motions and parallaxes) from the Gaia space tele-
scope (Gaia Collaboration et al. 2016, 2018; Lindegren et al.
2018). We report the discovery of a kinematical feature as-
sociated with the disc, which is especially apparent in the
pericenter distribution of the local RR Lyrae stars. In Sec. 2
we describe the features of the collected sample. Section
3 discusses calculated orbital properties for individual ob-
jects, which show an apparent peak at a pericenter distance
1 With a few stars reaching up to 10 Gyr, see fig. 16 in Haywood
et al. (2013).
of ∼7 kpc. In Section 4, we explore the possibility that the
RR Lyrae stars in the pericenter peak originate in the Galac-
tic disc. Section 6 summarizes our results.
2 DATA
We collected a sample of fundamental-mode RR Lyrae
stars from various sources with spectroscopically determined
metallicities, radial velocities, photometry in optical and in-
frared passbands, and precise astrometric solutions. We uti-
lized data from the following sources applying several selec-
tion criteria:
• The metallicities – [Fe/H] (on the Zinn & West 1984,
scale) radial velocities, and mean infrared W1 and Ks-
band magnitudes (with their errors) of fundamental mode
RR Lyrae stars were obtained from the catalogue assem-
bled by Dambis et al. (2013). The spectroscopic properties
of this catalogue come mostly from Layden (1994) (for more
references see Dambis et al. 2013). The infrared photometric
properties in the Dambis et al. (2013) catalog were acquired
by the Wide-field Infrared Survey Explorer (WISE, Wright
et al. 2010; Cutri & et al. 2012) and Two-Micron Sky Survey
(2MASS, Cutri et al. 2003; Skrutskie et al. 2006). From this
sample, 7 stars were removed because their mean magni-
tudes in one of the photometric bands were unknown, which
resulted in 362 variables for the following crossmatch.
• In the next step we crossmatched the sample with the
Gaia DR2 catalog (Gaia Collaboration et al. 2018; Lindegren
et al. 2018), in order to obtain proper motions (µα∗ and µδ)
and parallaxes ($). The Gaia data release 2 (DR2) cata-
log contains information about the uncertainties σ and the
correlations ρ between the astrometric parameters. In addi-
tion, it includes several statistical parameters that indicate
the quality of the astrometric solution, e.g. the re-normalized
unit weight error (RUWE), which we used to robustly select
stars with reliable proper motions. First, we constructed the
covariance matrix Σ for proper motions in right ascension
µα∗ and declination µδ , which we then scaled by the RUWE
factor:
Σ =
(
σ2µα∗ ρµα∗µδσµα∗σµδ
ρµα∗µδσµα∗σµδ σ
2
µδ
)
· RUWE2 (1)
In order to introduce a sensible cut on the proper motions
based on their errors we needed to diagonalize the covariance
matrix by determining its eigenvectors and composing them
in the nonsingular matrix S:
D = S−1 · Σ · S, (2)
where the diagonal matrix D contains the eigenvalues of Σ.
Using the matrix S we transformed the vector v = (µα∗, µδ)
containing the stars’ proper motions:
V = (S−1 · v )2. (3)
Then for the diagonalized covariance matrix D and the trans-
formed proper motion vector V we demanded at least 5σ
significance of the transformed proper motions:√√ 2∑
k=1
V/diag(D) > 5. (4)
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In addition to the proper motion criterion, we also require
the same significance for the Gaia DR2 parallaxes
$/σ$ > 5. (5)
Applying these criteria, we removed over 39 stars from
our sample. According to Lindegren et al. (2018) the Gaia
DR2 parallaxes are offset from the parallaxes of quasars
by −0.029mas, so we applied this offset to our sample of
RR Lyrae stars. Once the DR2 parallax offset is properly
corrected for, the use of Gaia DR2 parallaxes to establish
the distances of the local RRLs appears to be effective (Mu-
raveva et al. 2018).
• The photometric light curves in the V-band were col-
lected from the All-Sky Automated Survey for Supernovae
(ASAS-SN, Shappee et al. 2014; Kochanek et al. 2017; Jayas-
inghe et al. 2018).
In addition to the aforementioned criteria, we removed
the stars BI Tel, VX Ind, V363 Cas, V338 Pup, and SS Gru
due to their uncertain classification as RR Lyrae stars (see
The International Variable Star Index, VSX, about these
objects2, Watson et al. 2006). Moreover, Y Oct, VY Lib,
and MS Ara were removed due to either insufficient data
in ASAS-SN or due to their classification as double-mode
RR Lyrae pulsators.
The mean V-band magnitude of an RR Lyrae star was
computed as the intercept of a truncated Fourier series fitted
to the ASAS-SN photometric data with the following form:
m (t) = AV0 +
n∑
k=1
AVk · cos
(
2pikϑ + ϕVk
)
, (6)
where AI
k
represents the amplitudes, n stands for the de-
gree of the Fourier series, and ϕV
k
stands for the phases. The
variable ϑ describes the phase function, which is defined as
(HJD − M0) /P, where the HJD represents the time of ob-
servation in the Heliocentric Julian Date, and M0 and P are
the ephemerids, i.e. the time of maximum brightness and the
pulsation period. Using the ASAS-SN photometry we also
estimated pulsation periods for all studied variables using
the Lomb-Scargle periodogram (Lomb 1976). For the errors
on the mean V-band magnitudes we assumed average pho-
tometric errors for the individual variables of ≈ 0.046mag.
We also computed amplitude ratios and generalized
phase differences (R21, ϕ21, R31, ϕ31) from the Fourier de-
compositions:
Ri1 =
Ai
A1
ϕi1 = ϕi − iϕ1 (7)
The amplitude ratios R21 and R31 reflect the light curve de-
viation from a sinusoidal shape. With higher values of R21
and R31 the light curve is more skewed and asymmetric. The
phase differences ϕ21 and ϕ31 mirror the width of the light
curve. With decreasing phase differences the light curves be-
come more acute (narrow) at the half maximum light (Simon
1988). The Fourier parameters are useful for the classifica-
tion of variable stars and for separating them into subclasses.
Using the classification from ASAS-SN and our analysis we
removed stars that could not be classified as fundamental
mode RR Lyrae stars (for more details see Sec. 5 where we
2 https://www.aavso.org/vsx/index.php
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Figure 1. The spatial distribution of the studied stars (blue
points) in the Galactic coordinates. The red circles encompas-
ing some of the sample RR Lyrae stars will be explained in the
following Section 3.
discuss the photometric properties of the studied RR Lyrae
variables).
For each individual star in our sample we determined
the extinction in the W1, Ks, and V band using the reddening
maps from Schlafly & Finkbeiner (2011) with the relations
AW1 = 0.065 · AV (Madore et al. 2013), and AK = 0.114 · AV
(Cardelli et al. 1989). This allowed us to estimate the abso-
lute magnitudes of our stars and to calculate the dereddened
mean observed magnitudes in the aformentioned passbands,
using Gaia parallaxes (incorporated in the Monte Carlo er-
ror analysis, see Sec. 3).
We emphasize that throughout this paper we do not
use any period-metallicity-luminosity relations to estimate
distances for our studied stars. We base our findings on the
distance deduced from Gaia parallaxes.
In the end, we had a final sample of 314 RR Lyrae stars
with full kinematic, spatial, and metallicity information,
which form the basis of our study. In Fig. 1 we depict the spa-
tial distribution of the whole RR Lyrae sample in Galactic
coordinates. In Fig. 1 we see that our sample covers the ma-
jority of the sky, with the exception of the Galactic bulge and
some parts of the Galactic disc. The heliocentric distances of
our RR Lyrae stars range from 0.5 kpc up to 7 kpc (with over
90 % residing at distances < 3.5 kpc). The stars cover a broad
range in metallicities of −2.84 < [Fe/H] < 0.07dex. In appar-
ent magnitude space, almost 97 % of the RR Lyrae variables
in our sample are brighter than 14 mag in the V passband.
For comparison, the ASAS-SN survey contains 2778 funda-
mental mode RR Lyrae stars brighter than 14 mag cover-
ing a similar coordinate space as in our dataset. Therefore,
based on the ASAS-SN catalog, our sample contains approx-
imately 10 % of the local RR Lyrae stars. We emphasize that
our sample includes an obvious selection effect, namely the
lack of stars toward very low Galactic latitudes, due to the
strongly reduced completeness of the ASAS-SN catalog to-
ward these highly attenuated regions. However, we would
expect to find more RR Lyrae stars with thin disc kinematics
if our sample was complete toward the Galactic plane. To-
ward other sight-lines, our selection function does not have
any significant non-uniformity.
MNRAS 000, 1–15 (2017)
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3 ORBITS
We used the galpy3 library (Bovy 2015) to study the kine-
matics of our sample. For the calculation of the orbital pa-
rameters we used the MWPotential2014 provided in galpy as
an axisymmetric Galactic potential for the MW. The MWPo-
tential2014 is composed of three potentials for the Galactic
bulge (implemented as a power-law density profile for spher-
ical bulges with an exponential cut-off), a Navarro-Frenk-
White halo potential (Navarro et al. 1997), and a Miyamoto-
Nagai disc (Miyamoto & Nagai 1975). For the Sun’s posi-
tion in the MW we assumed a distance to the Galactic cen-
ter of R0 = 8.178 kpc (Gravity Collaboration et al. 2019)
and a height above the Galactic plane of z = 25pc (Ju-
ric´ et al. 2008). In order to correct for solar motion, we
used the Sun’s velocity with respect to the local standard
of rest (U,V,W) = (−11.1, 12.24, 7.25) km s−1 (Scho¨nrich
et al. 2010) and the velocity of the local standard of rest
(LSR) vLSR = 235 km s−1 based on R0 (Gravity Collabora-
tion et al. 2019) R0, the proper motion of Sgr A* (Reid &
Brunthaler 2004), and V.
For each star, we integrated over a 1 Gyr timespan and
calculated its orbital parameters: maximum height from the
Galactic plane zmax, eccentricity e, and peri- and apocenters
of its orbit, rper and rapo, respectively (a 100 Myr, 300 Myr
or 500 Myr timespan does not affect the orbital parame-
ters significantly). Using galpy, we calculated the full 6D
solution (spatial and kinematical) for the studied sample.
With the MWPotential2014 we also calculated the Hamil-
tonian action integrals of motion in an axisymmetric po-
tential J =
(
JR, Jφ, Jz
)
, where JR represents the oscillation
in the radial direction, Jφ is the azimuthal action (angular
momentum in z-direction Lz), and Jz describes the vertical
oscillation.
A Monte Carlo error analysis was performed for the
complete calculation taking into account the covariance ma-
trix of the Gaia astrometric solution, errors in radial veloci-
ties, reddening, and mean magnitudes. The resulting values
and their errors were taken as the median, first, and third
quartile from the generated distributions, in addition, we
also obtained correlations between orbital parameters and
velocities. The first few lines of a table with calculated pho-
tometric, chemical and orbital properties can be found in
the Appendix of this paper4.
In the top panel of Fig. 2 we show a histogram for the
distribution of the pericentric distances in our sample. In
this distribution, we noticed a small peak approximately at
rper = 7 kpc (marked with an arrow). To verify its existence
we generated 1000 random realizations of the pericentric
distribution for the studied stars using their median val-
ues and quantiles. For each generated distribution we calcu-
lated the Gaussian mixture model probability distribution
implemented in the scikit-learn library (Pedregosa et al.
2011). Using the Bayesian information criterion (BIC) and
the Akaike information criterion (AIC), we estimated a suit-
able number of Gaussian components for each distribution.
For the BIC, in nearly all cases (above 90 %) the suggested
number of Gaussians was 3, while for the AIC, three com-
ponents were suitable in more than 42 % of the cases. In all
3 Available at http://github.com/jobovy/galpy
4 The full table can be found in the supplementary material
of the pericentric variations, the peak is present in the his-
togram and is modeled by the Gaussian mixture model. The
generated distributions were used to estimate the errors of
the pericentric distribution. Using the calculated errors, the
probability density of the pericentric peak (0.0813 ± 0.0065)
has a 3σ significance in comparison with the neighboring
valley (0.0460± 0.0092, marked with black arrows in Fig. 2).
It is worth noting that this overdensity in pericenter dis-
tance is also present when using the older pericenter values
calculated by Maintz & de Boer (2005), but was not specif-
ically pointed out in their or any previous studies of the
local RR Lyrae stars. We also observe a peak around 3 kpc,
which is modeled by one of the Gaussian components. We
tentatively associate this peak with RR Lyrae stars in the
Galactic thick disc.
For comparison with our sample, we calculated the or-
bital solution for the stars observed in the Radial Velocity
Experiment (RAVE) data release 5 (Kunder et al. 2017).
RAVE is a spectroscopic multi-fiber survey of Milky Way
stars in the 9 < I < 12 magnitude range (Steinmetz et al.
2006). Because of its magnitude range, RAVE observed
mainly the thick and thin disc stars (see fig. 19 in Kordopatis
et al. 2013). We crossmatched the RAVE sample with Gaia
DR2, requiring at least 5σ significance for proper motions
and parallaxes. The distribution of pericentric distances in
the RAVE sample is shown in the top panel of Fig. 2 in grey
colour. From these two distributions, we see that RR Lyrae
stars at rper ≈ 7 kpc fall into the region where the majority
of the RAVE disc sample lies.
This small overdensity is visible also in other orbital pa-
rameters, e.g., in e and zmax (see the bottom panel of Fig. 2),
where the majority of stars with rper ≈ 7 kpc clump at low
values of eccentricity (e < 0.4) with rather small excursions
above the Galactic plane (zmax < 2 kpc) is located. The low
values of e together with marginal zmax suggest rather cir-
cular orbits confined to the Galactic disc. Including another
dimension in the form of metallicity in the bottom panel
of Fig. 2 reveals that the majority of the most metal-rich
RR Lyrae stars from our sample show low eccentricities and
zmax around the pericentric distance of this peak. We note
that RR Lyrae stars with pericentric distances between 5-
9 kpc and eccentricity above 0.5 contribute partially to the
pericenter peak shown above, however, the peak is still sig-
nificant after their removal.
To further isolate RR Lyrae stars sharing the same kine-
matics and possibly contributing to the pericenter peak, we
used two criteria:
e < 0.2 zmax < 0.9 kpc (8)
The additional condition on eccentricity e narrows the sam-
ple to circular orbits common for stars in the Galactic disc
(Hayden et al. 2019)5. The criterion on the excursion from
the Galactic plane zmax is consistent with the MW thick disc
scale height H ≈ 0.9 kpc (Juric´ et al. 2008; Bland-Hawthorn
& Gerhard 2016). We did not employ any criteria for pericen-
tric and apocentric distances. These two conditions yield 22
possible disc-like RR Lyrae stars, which are denoted by red
circles in the Fig. 1 (also marked with asterisks in Tab. A1).
5 More than 70 % of stars from their sample in the solar neigh-
bourhood (d < 500pc) have an eccentricity e < 0.2.
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Figure 2. Distribution of pericentric distances rper (top panel)
and eccentricity e vs. rper dependence (bottom panel) for our
sample. In the top panel, the black solid line depicts the Gaus-
sian mixture model with individual components denoted by red
dashed lines. The grey distribution represents stars from the
RAVE survey, while the blue columns stand for our sample of
RR Lyrae variables. The black arrow points toward the pericen-
tric peak of the local RR Lyrae stars. The error bars on individual
columns were calculated from the Monte Carlo simulation with a
fixed bin size. The bottom panel shows e vs. rper with a colour-
coding based on zmax. The sizes of each point indicate the metal-
licity of individual RR Lyrae stars. The grey background shad-
ing represents the kernel density estimates (KDE) of the overlay
points.
We note that almost 90 % of the stars in the RAVE sample
fulfill these conditions as well.
The full orbital solution using MWPotential2014 is ex-
amined in Fig. 3, where we show the distribution of orbits of
the whole sample (blue solid lines) in rectangular Galacto-
centric coordinates. RR Lyrae variables fulfilling Eq. 8 (red
dotted lines) are concentrated at small heights above the
plane with almost circular orbits. This implies their asso-
ciation with the Galactic disc, which will be examined in
the following chapters. We emphasize that throughout the
paper, we refer to these 22 RR Lyrae stars as disc stars, as
their association with either the thin or thick disc is not clear
when based on orbital parameters alone. In Section 4, their
association with these disc components is explored. The con-
ditions in Eq. 8 lead to a sample of disc-like RR Lyrae stars
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Figure 3. The spatial distrbution of the studied stars in Carte-
sian rectangular Galactocentric coordinates, with the top panel
depicting the y vs. x and the bottom panel showing the z vs. x
distributions, respectively. The blue lines stand for orbits of the
sample stars, while the red dotted lines represent RR Lyrae stars
based on the conditions in Eq. 8. The yellow stars and lines mark
the position and orbit of the Sun, respectively.
with almost identical orbits (see Fig. 3). With regard to the
apocentric distances rapo, the selected disc RR Lyrae stars
vary between ≈ 7.9 − 11.5 kpc, which is expected due to our
condition on the eccentricity of the orbits, where eccentricity
is connected with rapo through following relation:
e =
rapo − rper
rapo + rper
. (9)
The 22 RR Lyrae stars selected based on Eq. 8 will be ex-
amined for their possible disc association in the following
Section.
4 RR LYRAE STARS IN THE GALACTIC DISC
The idea that some of the RR Lyrae stars in the solar neigh-
bourhood originated in the Galactic disc is not new. Layden
et al. (1996) suggested that some field RR Lyrae stars be-
long to the Galactic thick disc, as did Marsakov et al. (2018).
MNRAS 000, 1–15 (2017)
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Layden et al. (1996) suggested several approaches to sepa-
rate disc and halo RR Lyrae stars based on their kinemat-
ics (see below) and metallicities, suggesting that disc and
halo separate at [Fe/H]= −1dex for RR Lyrae stars. Here
the chemodynamics of the pericenter peak RR Lyrae are
explored.
4.1 Kinematic tests
Although we are using almost the identical sample as used
by Layden et al. (1996), Gaia DR2 affords a more precise
astrometric solution, and thus better constrained orbits for
individual stars. In Fig. 4 we show the tangential velocity vθ
vs. metallicity [Fe/H] distribution, where vθ represents the
Galactocentric cylindrical velocity, positive in the direction
of the Galactic rotation. Using definition 1 in table 3 from
Layden et al. (1996) (black solid line in Fig. 4), we separated
our star sample into disc and halo RR Lyrae variables. We
see that the stars in the pericenter peak (Eq. 8) all fall in the
disc region in vθ vs. [Fe/H] space. We note that other stars
identified by Layden et al. as the Galactic disc RR Lyrae
variables show resemblence to the stars identified using the
criteria in Eq. 8, but they fail our criteria mainly on the
basis of rper and e, where approximately half of the stars
have e > 0.2.
We note that ≈ 39% of the studied variables have ret-
rograde rotation (vθ < 0 km s
−1) and nearly all stars on ret-
rograde orbits have metallicities of [Fe/H]< −1dex. We can
crudely distinguish RR Lyrae stars formed in-situ from ac-
creted stars based on their prograde/retrograde motion in
the Galaxy. In our RR Lyrae dataset, retrogradely moving
variables exhibit on average higher values for rapo, e, and
zmax in comparison with the rest of the variables (see Fig. 5).
This is probably due to the presence of disc RR Lyrae stars
in the prograde part of our sample. Together with their on
average lower rper (with respect to the remaining pulsators)
this supports their possible extragalactic origin (Villalobos
& Helmi 2009; Qu et al. 2011).
4.1.1 Velocity components
The pericenter peak RR Lyrae variables are also distinguish-
able in the distribution of their velocity components (see
Fig. 6). Here disc stars (roughly marked with a blue ellipse)
would reside in the top part of the vθ vs. vR distribution. The
average values and dispersion for the depicted disc RR Lyrae
stars in Fig. 6 are vR = 4±30 kms−1 and vθ = 241±14 kms−1.
From Fig. 6 we also see that the transversal velocity vz for
disc stars varies around 0 km s−1, which is expected based
on our cut in the zmax.
The Gaia-Enceladus or Gaia Sausage (Belokurov et al.
2018b; Helmi et al. 2018; Gallart et al. 2019), is clearly
seen among the local RR Lyrae stars. This remnant of a
massive merger of a Small Magellanic Cloud-like galaxy in
the local stellar halo contains rather metal-poor RR Lyrae
stars ([Fe/H]> −1.5dex) with a highly non-Gaussian veloc-
ity ellipsoid. There have been several studies linking some
of the MW stars and globular clusters with Gaia-Enceladus,
e.g. Helmi et al. (2018); Myeong et al. (2018). These stud-
ies have an approximately common range of angular mo-
menta in z-direction, Lz , with values −1500 kpc km s−1 <
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Figure 4. The tangential velocity vθ vs. metallicity [Fe/H] for the
studied variables (blue points). The variables associated with the
pericenter peak (based on our criteria in Eq. 8) are highlighted
with red circles. The black solid line represents definition 1: vθ =
−400·[Fe/H]−300 listed in table 3 of Layden et al. (1996), and
the dashed orange line represents the separation of stars with
prograde/retrograde motion based on their vθ .
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Figure 5. The tangential velocity vθ vs. maximum height from
the Galactic plane zmax for the studied RR Lyrae stars. The
colour-coding of the individual points is based on e, and size of
each point coresponds to the rapo.
Lz < 150 kpc km s−1. The majority of the stars with values
of Lz within the aforementioned boundaries are located in
the blue shaded region of Fig. 6. Some of the MW RR Lyrae
stars have already been associated with Gaia-Enceladus by
Simion et al. (2019) while studying the Hercules-Aquila
Cloud and Virgo Overdensity (Vivas et al. 2001; Newberg
et al. 2002; Belokurov et al. 2007). This is the first time
we can link Gaia-Enceladus with the local RR Lyrae stars
(based on Lz and the region covered by ellipse in vθ vs. vR de-
fined by Belokurov et al. 2018b) (variables kinematically as-
sociated with the Gaia-Enceladus/Sausage are marked with
a plus sign in Tab. A1).
Furthermore, using the galpy potential for the MW,
MWPotential2014, we calculated the asymmetric drift of
the RR Lyrae variables associated with the Galactic disc
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Figure 6. The distribution of the velocity components vθ vs.
vR for the studied RR Lyrae stars. The colour-coding of the
individual points is based on their transversal velocity vz. The
point sizes reflect their metallicity with decreasing size for de-
creasing metallicity. The white crosses mark the positions of peri-
center peak RR Lyrae variables. The area of their occurrence
is also highlighted with a blue dotted line. The green dashed
line represents the approximate region for stars associated with
the Gaia-Sausage in vθ vs. vR space based on Belokurov et al.
(2018b). In addition, the blue stripe covers the region where the
vast majority of our sample RR Lyrae stars fulfill the condition
−1500 kpc km s−1 < Lz < 150 kpc km s−1 (from Helmi et al. 2018),
as discussed below.
concerning the circular velocity. We found that the stud-
ied subpopulation of the local RR Lyrae stars lags behind
the Galactic rotation with an asymmetric drift equal to
−5 kms−1, which in agreement with the asymmetric drift as-
sumed for the thin disc stars (see e.g., Bensby et al. 2003;
Golubov et al. 2013; Sysoliatina et al. 2018). In addition,
pericenter peak RR Lyrae stars appear to be kinematically
cold, with a vertical velocity dispersion σvz = 16 kms−1 and
a total velocity dispersion6 equal to σs = 37 kms−1, which
agrees with their possible thin disc association.
Here we would like to add a note on high-velocity
RR Lyrae stars in our sample. RR Lyrae variables with
high space velocity have been reported in the Galactic bulge
(see e.g., Kunder et al. 2015; Hansen et al. 2016). One
example of a high-velocity RR Lyrae star is seen in the
top left corner of Fig. 6 (dark point, vθ = 415 kms−1 and
vR = −224 kms−1), AO Peg, with [Fe/H]= −0.92dex and
a space velocity sv = 512 km s−1. In general, for only 2 %
of the RR Lyrae pulsators from our sample the sv exceed
400 km s−1, which is similar to RR Lyrae stars in the Galactic
bulge sample (Prudil et al. 2019c) where we found roughly
3 % of the RR Lyrae stars to show sv above 400 km s−1.
4.1.2 Association based on relative probabilities
A probabilistic approach to separate stars in the MW com-
ponents (thin and thick disc and halo) was proposed by
Bensby et al. (2003). The selection is done strictly on a
6 σs =
√
σ2vθ + σ
2
vR + σ
2
vz
kinematic basis using the Galactocentric rectangular ve-
locities relative to the local standard of rest (LSR) –
ULSR,VLSR,WLSR, while ULSR in the left-handed system is
positive in the Galactic anticenter direction, VLSR increases
in direction of the Galactic rotation, and the positive direc-
tion toward the Galactic north pole is described by increas-
ing WLSR. The method introduced by Bensby et al. (2003)
assumes that the aforementioned velocities for stars in the
MW components follow Gaussian distributions:
f =
1
(2pi)3/2 σULSRσVLSRσWLSR
·
exp
(
− U
2
LSR
2σ2
ULSR
−
(
VLSR − Vasym
)2
σ2
VLSR
− W
2
LSR
2σ2
WLSR
)
,
(10)
where Vasym is the velocity of the asymmetric drift and the
σULSR , σVLSR , σWLSR represent the velocity dispersions. Our
assumed velocity dispersions and velocities of the asymmet-
ric drift for the individual MW components are listed in
Tab. 1 (Holmberg & Flynn 2000; Bensby et al. 2003). We em-
phasize that our sample of variables are Population II stars
with ages above 10 Gyr, while studies of the MW thin disc
propose ages from 0 to 8 Gyr, e.g., (Haywood et al. 2013).
Therefore, based on that age range we do not have a reason-
able priors for the probability of RR Lyrae stars emerging
from the thin disc population, since they are believed to be
older than 10 Gyr (e.g., Glatt et al. 2008; VandenBerg et al.
2013). Thus, for this analysis we will assume only two MW
components: disc – D and halo – H, where for the disc we
will assume priors used for the thick disc in Bensby et al.
(2003). For each star from our sample we solve Eq. 10 and
get probabilities for disc and halo membership: fD and fH.
The results of this analysis can be seen in the Toomre
diagram depicted in Fig. 7. Here, our sample of RR Lyrae
stars is colour-coded based on the logarithm of the disc to
halo probability ratio log( fD/ fH). We note that fD/ fH < 1
for over two-thirds of the sample, thus for clarity of Fig. 7,
we included stars with fD/ fH < 1 only as black dots in the
aformentioned figure. In the same figure, we see that stars
with a high probability ratio ( fD/ fH > 10) are concentrated
around VLSR = 0 where one would expect to find the disc
population. All of the disc RR Lyrae stars have a high disc to
halo probability ratio (all above fD/ fH > 42), which further
corroborates their association with the MW disc population.
One could argue that we did not use the observed fraction of
stars in the solar neighbourhood as in Bensby et al. (2003)
for our probability ratio. As a sanity check, we tested various
values for the observed fraction of disc and halo stars in
the solar neighbourhood, e.g., from Bensby et al. (2003) and
Juric´ et al. (2008). In the end, the pericenter peak RR Lyrae
variables still had the highest probability ratios among the
stars in our sample.
The majority of the local RR Lyrae stars are associated
with the Galactic halo (Maintz & de Boer 2005; Mateu et al.
2012; Mateu & Vivas 2018; Marsakov et al. 2018), but the
stars in the pericenter peak are consistent with the Galactic
disc.
4.2 Chemical test
Here we use chemical information together with kinematics
to explore the pericenter peak RR Lyrae stars. A search of
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Table 1. The adopted velocity dispersions and asymmetric drifts
based on Bensby et al. (2003). Column 1 lists two MW compo-
nents (halo – H, thick disc – TD) and column 2 contains the
assumed velocities for the asymmetric drift. Columns 3, 4, and 5
provide values for the velocity dispersions for the thick disc and
halo.
MW Vasym σULSR σVLSR σWLSR
[km s−1] [km s−1] [km s−1] [km s−1]
H -15 160 90 90
TD -46 67 38 35
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Figure 7. Toomre diagram for our studied RR Lyrae stars
constructed using the Galactocentric rectangular velocities. The
colour-coding is based on the logarithm of the probability ratio
between disc and halo. We note that we removed from the colour-
coding stars with fD/ fH < 1 and denoted them only as black dots
since they are not a target of our analysis. The pericenter peak
RR Lyrae stars are marked with black crosses. The same nota-
tion applies also for the enlarged inset panel. The grey dashed
lines represent lines of constant space velocity with a step size of
50 km s−1.
the literature was carried out to collect information on the
elemental abundances of the pericenter peak RR Lyare stars.
We found 61 RR Lyrae stars with determined [Ca/Fe] in our
sample from the following studies: Chadid et al. (2017); Liu
et al. (2013); Pancino et al. (2015); Lambert et al. (1996).
Calcium is an element resulting from helium burning via α
particle capture and is synthesized in massive stars. There-
fore, it can serve as a proxy for [α/Fe]. Fig. 8 shows [Ca/Fe]
vs. [Fe/H] for the collected data overplotted over the distri-
bution of non-variable MW stars (Edvardsson et al. 1993;
Reddy et al. 2003; Bensby et al. 2003; Roederer et al. 2014;
Bensby et al. 2014).
In Fig. 8 we combined the chemical abundance infor-
mation with the kinematic properties: The point sizes vary
with e and the colour-coding is based on zmax. Stars in the
pericenter peak defined by the conditions of Eq. 8 are lo-
cated at low values of [Ca/Fe] typical for thin disc stars
(in other words, consistent with the α-poor disc, Adibekyan
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Figure 8. The [Ca/Fe] vs. [Fe/H] dependence for the studied
RR Lyrae stars with determined calcium abundance from the
literature, colour-coded based on the excursion from the Galac-
tic plane zmax, and marker sizes based on the orbital eccen-
tricity e. RR Lyrae stars associated with the pericenter peak
based on our set of conditions are marked with a black plus
sign. The RR Lyrae variables possibly associated with the Gaia-
Enceladus (−1500 kpc km s−1 < Lz < 150 kpc km s−1 and falling in
the green ellipse in Fig. 6) are marked with black crosses. The
green dashed line stands for the boundary between α-rich and
α-poor populations from Hayes et al. (2018). The blue solid line
represents the approximate separation of the thin and thick disc
stars (Adibekyan et al. 2011). The underlying gray distribution
comes from the spectroscopic studies of non-variable stars in the
MW disc and halo.
et al. 2011, 2013; Bland-Hawthorn et al. 2019)7. The remain-
ing stars are located at the α element knee and further close
to the region typical for thick disc stars (the α-rich disc,
Bland-Hawthorn et al. 2019), and Galactic halo stars. It is
striking that the pericenter peak RR Lyrae stars reside in
a different [Ca/Fe] - [Fe/H] space from the rest of the local
RR Lyrae stars.
In addition, the majority of the RR Lyrae variables (14
out of 17) associated with Gaia-Enceladus based on Lz , vθ ,
and vR with published [Ca/Fe] abundances seems to fall be-
yond the knee, on α-poor sequence discovered by Nissen &
Schuster (2010). This is in agreement with the studies of
Gaia-Enceladus where stars associated with Gaia-Enceladus
exhibit low α abundances at low metallicities (Hayes et al.
2018; Haywood et al. 2018; Helmi et al. 2018). The RR Lyrae
stars associated with Gaia-Enceladus also exhibit a consid-
erable metallicity spread in the old population (more than
1 dex)
5 POSSIBILITY OF MISCLASSIFICATION
We carefully examined the possibility that the pericenter
peak RR Lyrae stars are misclassified variables. Using the
7 We note that the blue line separating the thick and thin disc
was derived for [α/Fe] while in our case we have only [Ca/Fe].
The overall difference is negligible.
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Fourier coefficients determined based on the ASAS-SN pho-
tometry, we compared the properties of the stars selected
from Eq. 6 and 7 with other pulsating variable stars (Fig. 9).
For this comparison we used the V-band photometry
from the fourth data release of the Optical Gravitational
Lensing Experiment (hereafter OGLE-IV, Soszyn´ski et al.
2014, 2017a) for the Galactic bulge RR Lyrae stars. The
decision to use the bulge RR Lyrae variables was based
on their assumed metallicity (similar to the metallicity of
the pericenter peak RR Lyrae stars [Fe/H] = −1.02dex,
Pietrukowicz et al. 2015), and high-quality photometry for
over 27 000 fundamental mode RR Lyrae stars. The pericen-
ter peak RR Lyrae stars fall into the regions typical for the
fundamental mode RR Lyrae stars with short pulsation pe-
riods and asymmetric light curves. In the period-amplitude
diagram they can be all clearly associated with the Ooster-
hoff type I group (Oosterhoff 1939) identified in the Galac-
tic bulge (Prudil et al. 2019a). Moreover, a large fraction
of the pericenter-peak RR Lyrae stars occupy the regions
of high-amplitude short-period (from hereon referred to as
HASP, Fiorentino et al. 2015) RR Lyrae stars, which are
found mainly in the most metal-rich systems (cf. Fig.4).
This further supports that their origin is intrinsic to the
MW, since apart from the MW, HASP stars reside in metal-
rich environments, and it is unlikely that a merger with a
massive dwarf galaxy would result in circular orbits of the
accreted stars. A colour-magnitude diagram (Fig. 9, bottom-
right panel) shows that the pericenter peak RR Lyrae vari-
ables are slightly dimmer than the studied RR Lyrae stars.
This is mainly due to their high metallicity, which results in
two effects in the stellar structure: an increase in the radia-
tive opacity in the stellar atmosphere and a reduced mass of
the helium core.
In the panels for the Fourier coefficients of Fig. 9, we
also included data for the first-overtone classical Cepheids,
which can have a similar pulsation period as the fundamen-
tal mode RR Lyrae stars. The classical Cepheids are Popula-
tion I variables with ages up to a few hundred million years.
We used the V-band photometry for the sample of classi-
cal Cepheids identified by OGLE-IV in the Galactic bulge
and Large Magellanic Cloud (Soszyn´ski et al. 2015b, 2017b).
Using the Eqs. 6 and 7, we estimated their Fourier coeffi-
cients. In the period-amplitude diagram we see that classi-
cal Cepheids have similar pulsation periods as our pericenter
peak RR Lyrae stars, but much lower amplitudes. In addi-
tion, the r21 vs. pulsation period dependence shows that the
identified pericenter peak RR Lyrae stars have very asym-
metric light curves, unlike classical Cepheids. In general, we
see that pericenter peak RR Lyrae stars deviate from the
general sample population in all four panels of Fig. 9.
We performed a similar test using the anomalous
Cepheids observed by OGLE-IV in the Large Magellanic
Cloud (Soszyn´ski et al. 2015a). They are metal-deficient
helium-burning variables with higher masses than RR Lyrae
stars (between 1.3 − 2.2M, Marconi et al. 2004), with un-
certain origin8. They occur usually in nearby dwarf galax-
8 They are believed to be either intermediate-age variables (1
- 6 Gyr, Norris & Zinn 1975; Demarque & Hirshfeld 1975) or a
product of mass transfer in binary systems with ages above 10 Gyr
(Renzini et al. 1977).
ies, but very rarely in globular clusters (see Kinemuchi
et al. 2008; Bernard et al. 2009). In the panels for pul-
sation properties, we see that anomalous Cepheids occupy
similar regions as our pericenter peak RR Lyrae stars. But
the major difference between anomalous Cepheids and our
pericenter peak RR Lyrae stars is in the absolute magni-
tudes where anomalous Cepheids are intrinsically brighter
(MV ≈ (0.2;−1.5)mag), while the majority of the pericenter
peak RR Lyraes are no brighter than 0.45 mag. The excep-
tions are AR Per and SW Cru. Their absolute magnitude in
the V-band is higher than −0.7mag, and therefore brighter
than 95 % of our entire sample. On the other hand, both
stars do not stand out in their absolute magnitudes in the
Ks, and W1 passbands, where they fall on the faint end of
the absolute magnitude distribution. In addition, both vari-
ables lie close to the Galactic plane, |b| < 2.5deg, thus we
believe that the correction for the extinction is responsible
for this discrepancy. Therefore, based on this simple com-
parison, we presume that our pericenter peak variables are
truly RR Lyrae stars.
We note that we did not compare our stars with other
variables, e.g. eclipsing binaries, spotted stars, non-radial
pulsators, Mira variables, and δ Scuti pulsators. Since our
pericenter peak RR Lyrae stars occupy the instability strip
in the CMD (see the bottom right-hand panel of Fig. 9) and
exhibit asymmetric light curves without any sign of addi-
tional radial or non-radial modes we believe that they be-
long to none of the aforementioned variable classes. Some of
the pericenter peak RR Lyrae stars even exhibit a modula-
tion of their light curves (6 out of 22 stars are marked as
modulated in the database of Blazhko stars9, Skarka 2013),
which points toward the Blazhko effect (Blazˇko 1907), a typ-
ical phenomenon observed among all RR Lyrae subtypes10.
Moreover, in the period-amplitude diagram, they lie in a
region occupied by the fundamental-mode RR Lyrae stars.
Another explanation of their disc association can be er-
roneous proper motions due to their binary nature. Binary
systems with an RR Lyrae component are very rare; to this
day only TU UMa seems to be bound in a binary system
(e.g., Wade et al. 1999; Liˇska et al. 2016b). Another 105
RR Lyrae stars are potential candidates for a binary sys-
tem, based on the RRLyrBinCan database11 (Hajdu et al.
2015; Liska & Skarka 2016; Liˇska et al. 2016a; Prudil et al.
2019b). From our 22 RR Lyrae stars, four (RS Boo, XZ Dra,
CN Lyr, DM Cyg) are considered to be binary candidates
and their proper motion could have been affected by the un-
known second component. For an assessment of the astro-
metric solution for the studied stars, we can use the RUWE
parameter provided in the Gaia DR2. Of the aforementioned
4 RR Lyrae stars only DM Cyg has a RUWE parameter
higher than 1.4 – (1.5, respectively). The RUWE param-
eter of the remaining three stars is below 1.2, therefore a
reasonably good astrometric solution, hence these stars are
most likely not affected by a possible second object in their
system.
9 The online version can be found here https://www.physics.
muni.cz/~blasgalf/
10 For more information about the Blazhko effect see Szabo´
(2014) and Catelan & Smith (2015).
11 The online version of the database can be found here: https:
//rrlyrbincan.physics.muni.cz/
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Figure 9. A mosaic of pulsation properties and a colour-magnitude diagram (right-hand bottom panel) for our sample of RR Lyrae
stars represented by the blue points. Our pericenter peak RR Lyrae variables are marked with red circles. The two top panels depict
the period-amplitude diagram (left-hand panel) and amplitude ratio r21 vs. pulsation period (right-hand panel). The bottom left-hand
panel shows a phase difference ϕ21 vs. pulsation period diagram. The bottom right-hand panel shows the colour-magnitude diagram for
our sample of RR Lyrae stars with the same colour-coding as in the previous three panels. In the three panels depicting the pulsation
properties, the green triangles represent classical first overtone Cepheids from the Galactic bulge and Large Magellanic Cloud, and
squares stand for anomalous Cepheids from the Large Magellanic Cloud (Soszyn´ski et al. 2015a). The underlying gray distribution in the
panels represents the pulsation parameters from the OGLE-IV V -band photometry (Soszyn´ski et al. 2014, 2017a) for RR Lyrae stars.
For these reasons, we consider our disc variables as
fundamental-mode RR Lyrae stars.
6 CONCLUSIONS
We report the detection of a peak in the pericenter distance
distribution in the local RR Lyrae star sample. The majority
of these stars 22 have kinematics, abundances and pulsation
properties that link them to the Galactic disc. It is impor-
tant to note that our sample does not contain RR Lyrae
stars found independently in the Galactic disc based on a
spatial distribution study (using the Vı´a La´ctea survey Min-
niti et al. 2010; De´ka´ny et al. 2018) nor in the direction of
the Galactic bulge (Soszyn´ski et al. 2014, 2017a). This may
have, to some extent, affected the selection function of our
sample and the observed peak in the pericenter distance dis-
tribution. For RR Lyrae stars located close to the Galactic
plane (|b| < 5deg), we would expect to have similar zmax
and e but not necessarily the same rper.
These 22 pulsators pass the various tests of their as-
sociation with the Galactic disc, e.g., based on their an-
gular velocities and metallicities (Layden et al. 1996) and
velocities in the local standard of rest Bensby et al. (2003).
They also show the orbital properties associated with the
disc RR Lyrae stars described earlier by Maintz & de Boer
(2005). The pericenter peak RR Lyrae pulsators have an
average angular velocity vθ = 241 km s−1 and an average
[Fe/H]=−0.60dex. They also stand out in their distribution
of velocity components and are clearly distinct from the halo
RR Lyrae stars in our sample as well as from the RR Lyrae
stars that we find to be associated with the Gaia-Enceladus
(or Gaia Sausage, Belokurov et al. 2018b; Helmi et al. 2018).
For some of the studied variables, we were able to find addi-
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tional chemical information about their [Ca/Fe] ratio, which
serves as a proxy for the α abundance. Our stars fall in the
region occupied by α-poor metal-rich stars (e.g., Edvardsson
et al. 1993; Reddy et al. 2003; Bensby et al. 2003; Roederer
et al. 2014). Their chemical similarity in [Ca/Fe], as well
as their very similar orbital parameters, suggest that the
pericenter peak RR Lyrae stars have a common origin. The
RR Lyrae stars associated with the Gaia Sausage, on the
other hand, are located at the metal-poor end ([Fe/H] be-
tween −1.2 to −1.8dex) with a large metallicity spread while
overlapping with the α-poor population discovered by Nissen
& Schuster (2010).
The pericenter peak RR Lyrae stars have an asymmetric
drift equal to −5 km s−1, therefore similar to the asymmetric
drift estimated for the thin disc stars (e.g., Bensby et al.
2003; Golubov et al. 2013; Sysoliatina et al. 2018). More-
over, the RR Lyrae variables associated with the Galactic
disc exhibit a total and vertical velocity dispersion equal to
σs = 37 km s−1, and σz = 16 km s−1, respectively. Low veloc-
ity dispersion is expected for the kinematically cold thin-disc
stars Hayden et al. (2017, see their fig. 4) or Casagrande
et al. (2011, see their fig. 17), although we note that the
pericenter peak variables should have a higher velocity dis-
persion based on their age if they had typical RR Lyrae ages
> 10 Gyr.
The 22 RR Lyrae stars seem to be clearly associated
with the Galactic disc in the solar neighbourhood, based on
their orbital and chemical properties for stars with avail-
able [Ca/Fe] abundance, and their pulsation characteristics
rule out a confusion with the other variable stars such as
classical and anomalous Cepheids. Their possible associa-
tion with the thin disc (in the case of those with known
[Ca/Fe]) is in agreement with the spatial and kinematical
studies focusing on the RR Lyrae stars identified in the
Galactic disc (e.g., De´ka´ny et al. 2018; Marsakov et al. 2018).
To corroborate our results for the remaining pericenter peak
RR Lyrae stars we would need information about their α-
element abundances (e.g., [Ca/Fe] or [Mg/Fe]).
Generally, if we were dealing with stars of ages younger
than 8Gyr (Haywood et al. 2013), and with the same kine-
matics and chemical properties as our pericenter peak stars,
we would assign them to the Galactic thin disc (or α-poor
disc, Adibekyan et al. 2013; Hayden et al. 2015; Bland-
Hawthorn et al. 2019). On the other hand, the ages of
RR Lyrae stars are well constrained between 10 − 13Gyr,
based on the youngest and oldest globular clusters in which
RR Lyrae stars were detected (Catelan 2009; VandenBerg
et al. 2013). This seems to be in contradiction to the studies
of the stellar ages of the thin disc as derived by, e.g. Hay-
wood et al. (2013) and many others. Theses boundaries are
somewhat diffuse; we note that several stars in their sam-
ple, assigned to the metal-poor thin disc, have ages around
10 Gyr (see fig. 8 in Haywood et al. 2013). The pericenter
peak RR Lyrae stars then possibly belong to the chemical
and kinematical distribution of the thick disc overlapping
the region occupied by the thin disc stars. However, their
[Fe/H] and [α/Fe] values are consistent with young thin disc
stars, which remains a conundrum (see also the discussion
in Marsakov et al. 2018, 2019a,b).
We suggest that the 22 pericenter peak RR Lyrae stars
may be the metal-rich alpha-poor extreme of the Galactic
thick disc RR Lyrae population since our sample covers only
≈ 10 % of the local RR Lyrae stars. Hopefully, with future
spectroscopic surveys we can expand our sample and shed
more light on the Galactic disc RR Lyrae population.
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Table A1. The photometric, chemical, and orbital properties of our studied RR Lyrae stars. The first lines of the table are shown here for illustration. The full table can be found in
the supplementary material. The first column contains identification names for individual stars. The second column provides the pulsation period. Columns 3, 4, 5, 6, 7, and 8 list the
determined photometric properties of the studied stars (mean magnitudes, amplitudes, and Fourier parameters). Columns 9 and 10 contain chemical information about metallicity and
calcium abundance of a given star. Columns 11, 12, and 13 list Galactocentric spherical velocity components. The orbital parameters are listed in columns 14, 15, 16, and 17. The identified
possible thin-disc stars are marked with an asterisk behind their name in Column 1. Similarly, the RR Lyrae variables possibly kinematicaly associated with the Gaia-Enceladus/Sausage
are marked with a plus sign.
Name Period V Amp R21 ϕ21 R31 ϕ31 [Fe/H] [Ca/Fe] vR vθ vz rper zmax e rapo
[day] [mag] [mag] [dex] [dex] [km s−1] [km s−1] [km s−1] [kpc] [kpc] [kpc]
ZZ-And 0.55454 13.06 ± 0.03 0.93 0.51 ± 0.01 3.87 ± 0.03 0.35 ± 0.01 1.85 ± 0.04 -1.58 – 2432322 -1693135 -1832225 4.80.90.7 21106 0.780.040.05 38149
Z-Mic 0.58692 11.60 ± 0.04 0.61 0.46 ± 0.02 4.12 ± 0.04 0.29 ± 0.01 2.18 ± 0.06 -1.28 0.27 8733 19422 -1334 4.60.10.1 0.90.10.1 0.320.010.01 8.790.020.02
Z-CVn 0.65394 11.90 ± 0.03 0.75 0.48 ± 0.02 4.05 ± 0.05 0.26 ± 0.02 2.16 ± 0.09 -1.98 – -13269 -1031520 13088 4.80.80.7 8.60.40.3 0.400.050.03 11.20.90.5
YZ-Aqr 0.55194 12.68 ± 0.03 0.95 0.46 ± 0.01 3.84 ± 0.03 0.35 ± 0.01 1.73 ± 0.05 -1.55 – 6144 23999 187910 7.430.020.01 9.31.20.9 0.360.040.04 1621
YY-Tuc+ 0.63489 11.96 ± 0.04 1.15 0.54 ± 0.01 3.98 ± 0.02 0.34 ± 0.01 1.92 ± 0.03 -1.82 – -2233 -31011 4766 0.630.050.03 3.010.040.05 0.850.010.01 7.540.030.03
Y-Lyr 0.50270 13.26 ± 0.04 1.25 0.56 ± 0.01 4.03 ± 0.01 0.33 ± 0.01 1.96 ± 0.02 -1.03 – -822 1671415 2266 4.40.70.6 1.50.10.1 0.290.070.07 7.990.030.03
XZ-Oct 0.47270 13.35 ± 0.03 0.35 0.16 ± 0.09 4.57 ± 0.57 0.15 ± 0.09 1.37 ± 0.64 -1.76 – -1981213 371819 1121313 0.90.20.1 4.10.40.3 0.850.020.03 10.90.30.3
XZ-Mic+ 0.44915 12.98 ± 0.04 1.16 0.47 ± 0.02 3.85 ± 0.04 0.29 ± 0.01 1.67 ± 0.06 -1.22 – -82910 -462123 9588 0.80.40.2 3.30.30.2 0.790.050.08 7.10.10.2
XZ-Dra∗ 0.47650 10.24 ± 0.09 0.84 0.51 ± 0.04 4.20 ± 0.11 0.28 ± 0.04 2.05 ± 0.18 -0.87 0.10 29.30.60.6 227.30.60.6 -32.20.50.5 7.390.020.02 0.700.010.01 0.0930.0010.002 8.910.040.03
XZ-Cyg 0.46659 9.85 ± 0.09 0.81 0.32 ± 0.03 3.88 ± 0.13 0.18 ± 0.03 1.97 ± 0.21 -1.52 0.25 39.90.60.6 16655 -28833 8.1340.0030.004 17.50.70.6 0.450.010.01 21.50.70.7
XZ-Aps+ 0.58725 12.39 ± 0.04 1.07 0.52 ± 0.02 3.95 ± 0.05 0.32 ± 0.02 2.03 ± 0.08 -1.57 0.30 -7733 -3755 14387 1.00.30.1 6.00.30.7 0.770.020.06 8.040.020.01
XY-Eri 0.55425 12.99 ± 0.03 0.98 0.40 ± 0.03 4.00 ± 0.07 0.26 ± 0.03 1.66 ± 0.11 -2.08 – 19798 12245 -281011 3.10.10.1 3.30.30.3 0.710.020.02 18.11.00.8
XY-And 0.39872 13.75 ± 0.03 1.09 0.46 ± 0.03 3.89 ± 0.06 0.28 ± 0.02 1.71 ± 0.11 -0.92 – 552526 532225 -431818 1.30.60.5 2.01.00.5 0.790.090.08 10.50.60.4
XX-Pup+ 0.51720 11.23 ± 0.07 1.19 0.46 ± 0.01 3.84 ± 0.03 0.36 ± 0.01 1.65 ± 0.04 -1.42 – 26333 -3033 -6844 0.70.10.1 4.10.40.2 0.930.010.01 19.00.50.5
XX-Lib+ 0.69851 12.51 ± 0.03 0.85 0.51 ± 0.02 4.21 ± 0.05 0.32 ± 0.02 2.30 ± 0.07 -1.47 – 44109 -201213 10044 0.40.20.1 3.30.10.1 0.890.040.06 6.80.30.1
XX-Hya 0.50775 12.05 ± 0.05 1.11 0.44 ± 0.02 3.89 ± 0.05 0.35 ± 0.02 1.66 ± 0.06 -1.33 – -2611313 311515 -4866 0.60.30.2 2.00.50.3 0.940.020.03 1821
XX-And+ 0.72276 10.71 ± 0.09 1.01 0.48 ± 0.01 4.21 ± 0.04 0.36 ± 0.01 2.29 ± 0.05 -2.01 – 2541010 -861616 -15077 2.30.40.4 13.10.70.8 0.820.010.01 2333
X-Ret 0.49199 11.74 ± 0.05 0.87 0.41 ± 0.03 3.85 ± 0.09 0.21 ± 0.03 1.65 ± 0.16 -1.32 – 26989 2476 667 0.40.10.1 2.60.40.4 0.950.010.01 16.90.80.8
X-LMi 0.68435 12.37 ± 0.03 1.01 0.53 ± 0.01 4.12 ± 0.03 0.33 ± 0.01 2.11 ± 0.04 -1.68 – -15589 10189 8910 2.40.20.2 2.70.40.3 0.690.030.03 12.70.50.4
X-Crt+ 0.73284 11.41 ± 0.04 0.64 0.50 ± 0.02 4.25 ± 0.06 0.30 ± 0.02 2.48 ± 0.08 -1.75 – -15977 -141315 -1111012 0.50.20.2 5.51.00.7 0.920.030.04 11.40.60.2
X-Ari+ 0.65117 9.70 ± 0.09 0.88 0.47 ± 0.04 3.61 ± 0.10 0.23 ± 0.04 1.71 ± 0.18 -2.40 0.35 -24.60.60.6 -3744 -16.70.80.8 0.70.10.1 0.480.020.01 0.850.020.02 8.640.010.01
WZ-Hya+ 0.53772 10.85 ± 0.09 0.89 0.48 ± 0.02 3.94 ± 0.04 0.29 ± 0.02 1.92 ± 0.07 -1.39 – 31.50.80.7 -4722 11322 1.330.030.03 5.30.10.2 0.740.010.01 8.700.010.01
WY-Vir 0.60935 13.44 ± 0.03 1.08 0.44 ± 0.01 3.82 ± 0.03 0.36 ± 0.01 1.58 ± 0.03 -2.84 – -10633 381114 9778 1.70.30.3 7.10.30.4 0.640.040.04 8.00.10.1
WY-Scl+ 0.46369 13.21 ± 0.03 1.27 0.48 ± 0.02 3.86 ± 0.04 0.33 ± 0.02 1.66 ± 0.05 -1.51 – 621 -121822 -9866 0.80.50.3 7.20.60.5 0.840.070.09 9.10.10.1
WY-Pav+ 0.58858 12.11 ± 0.03 0.62 0.48 ± 0.01 4.26 ± 0.03 0.27 ± 0.01 2.50 ± 0.05 -0.98 – 159109 18910 8633 0.40.10.1 3.70.20.1 0.910.020.03 9.00.30.3
WY-Dra 0.58894 12.68 ± 0.03 1.16 0.51 ± 0.02 3.96 ± 0.07 0.34 ± 0.03 2.14 ± 0.09 -1.66 – 781111 1861517 5699 5.90.50.7 2.30.40.3 0.340.020.02 11.41.00.8
. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .
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